University of Texas at El Paso

DigitalCommons@UTEP
Open Access Theses & Dissertations

2011-01-01

The Impact of Sulfide Mineral Weathering on the
Isotopic Signatures of Fe and Cu in Metal-rich
Streams
Ana Lourdes Gutierrez
University of Texas at El Paso, algutierrez2@miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Geochemistry Commons
Recommended Citation
Gutierrez, Ana Lourdes, "The Impact of Sulfide Mineral Weathering on the Isotopic Signatures of Fe and Cu in Metal-rich Streams"
(2011). Open Access Theses & Dissertations. 2306.
https://digitalcommons.utep.edu/open_etd/2306

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

THE IMPACT OF SULFIDE MINERAL WEATHERING ON THE ISOTOPIC
SIGNATURES OF FE AND CU IN METAL-RICH STREAMS

ANA LOURDES GUTIERREZ NAJERA
Department of Geological Sciences

APPROVED:

David Borrok, Ph.D., Chair

Richard Langford, Ph.D.

Vanessa Lougheed, Ph.D.

Benjamin C. Flores, Ph.D.
Acting Dean of the Graduate School

Copyright ©
By
Ana L. Gutierrez Najera
2011

Dedication
I would like to dedicate this work to my parents and my brothers that have supported me
throughout all my academic years as well as helped me with any situation presented during this
period of time. Thank you for believing in me.

THE IMPACT OF SULFIDE MINERAL WEATHERING ON THE ISOTOPIC
SIGNATURES OF DISSOLVED FE AND CU IN METAL-RICH STREAMS
by

ANA LOURDES GUTIERREZ NAJERA, Environmental Science

THESIS

Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Geological Sciences
THE UNIVERSITY OF TEXAS AT EL PASO
August 2011

Acknowledgements

Thank you to the NSF foundation for the grant No. 0838120 that made this research
project possible. I would like to thank Dr. David Borrok for his patience and help throughout this
master’s degree. I want to thank my friends and lab mates for their aid and friendship. Thank you
to Amed Gomez for his unlimited patience and support during the completion of my degree. I
also thank Tina Carrick for her guidance, moral support and technical help and to Pam Hart for
always being there for me.

v

Abstract
The oxidative weathering of sulfide minerals, like pyrite, at the Earth’s surface controls
the formation of acid mine drainage sites as well as the Fe isotope composition of these areas and
the main processes taken place. In this study, water and rock samples were collected from acidic
drainages (most from abandoned mining sites) from the St. Juan Mountains in Colorado. The
water samples were measured in-situ for dissolved oxygen, dissolved Fe(II), pH, and
conductivity. Filtered acidified, unfiltered acidified, and Fe-oxide samples were analyzed for
their metal concentrations. Ion-exchange chromatography was applied to both water and digested
oxide fractions in order to separate Cu and Fe for isotopic analysis. MC-ICP-MS was used for
the measurement of the isotopic signatures of Fe and Cu. Regarding the Fe isotope analysis, the
water samples were characterized by <4 and >4 pH values, including δ56Fe values from -0.38‰
to +0.17‰ as well as -1.38‰ to -0.52‰ resulting from weathering dominated and precipitation
dominated fractionation respectively. The weathering dominated group includes two water
samples of -1.39‰ and -1.14‰ δ56Fe which result due to either unique precipitation or biologic
process taken place. The isotopic signature of the Fe(III)-oxides vary from +0.05‰ to +0.62‰
confirming the precipitation dominated fractionation process. The δ56Fe average value of the
initial rock as well as continental crust is ~0.00‰. The comparison of the initial rock value with
the δ56Fe values from the weathering dominated samples helps explain that the specific process
causes limited fractionation to the metal. The precipitation dominated fractionation is the
dominant process in the samples studied. Limited Cu concentrations in the samples resulted in a
lack of isotope data. Further investigation could include enhanced Cu isotope analysis as well as
calculation of weathering rate of the sulfide minerals.
vi
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Introduction
Metal contamination associated with abandoned mining areas has negatively impacted
watersheds within the San Juan Mountains of Southwestern Colorado (e.g., Kimball et al., 2002).
High concentrations of metals, including Cu and Fe are present in stream waters near mining
areas. This is caused by the oxidation and dissolution of sulfide minerals in waste rock piles
(e.g., Kimball et al. 2009). In order to design effective remediation strategies and to evaluate the
larger-scale impact of sulfide weathering on streams and rivers, it is necessary to understand the
geochemical rates that control the sulfide weathering process. The weathering of sulfide minerals
is a result of oxidation reactions at the Earth’s surface (e.g., Jennings et al., 2000). The reaction
of pyrite (FeS2) with atmospheric O2 to oxidize sulfur and release acid is presented in equation 1.
(1)

FeS2 + 7/2 O2 + H2O = Fe2++ 2SO42- +2H+

This reaction pathway is rapid above pH 4, but is kinetically inhibited at lower pHs. Hence, at
lower pH an alternate reaction pathway where Fe(III) acts as the oxidant instead of oxygen is the
most important. This pathway is presented in Equation 2.
(2)

FeS2 + 14Fe3+ 8H2O = 15Fe2+ + 2SO42- + 16H+

In order to supply ferric iron for sulfide oxidation an intermediate reaction is needed, as
illustrated in equation 3.
(3)

Fe2+ + 1/4O2 + H+ = Fe3+ + 1/2H2O

1

Microbes that oxidize Fe(II) to Fe(III) can greatly accelerate this reaction (and thus the rate of
Eq. 2) and for this reason are thought to be the largest biological contributors to sulfide oxidation
(Murphy et al., 2009).

Previous investigations have shown that isotopic signatures of dissolved Fe and Cu vary
significantly in natural waters. Borrok et al. (2008) examined isotopic abundances of Cu in a
variety of stream waters draining six historical mining districts. They found that streams from
different geologic settings had unique δ65Cu values, varying from +0.49‰ to +1.4‰ (based in
part on corrected values presented in Pribil et al., 2010). Vance et al. (2008) examined Cu
isotopes in rivers, estuaries, and in seawater. They found that Cu isotopes varied from +0.13‰ to
+1.32‰, -0.28 to +0.52‰ and +0.51‰ to +1.44‰, respectively. Their major finding was that
dissolved Cu in the studied aqueous reservoirs was isotopically heavy relative to the solid earth.
Kimball et al. (2009) measured Cu isotopes in mountain stream water and demonstrated that the
δ65Cu of the stream water (+1.38‰ to +1.69‰) was isotopically heavier than the nearby Cubearing minerals. Fantle and DePaolo (2004) measured Fe isotope fractionation during
continental weathering using data from unweathered igneous rocks, rivers, dilute streams and
soils. They found that the δ56Fe of dissolved Fe in rivers ranged from -0.9‰ to 0‰. Borrok et al.
(2009) measured the isotopic composition of dissolved Fe and Zn in stream water within a single
mountain catchment impacted by multiple sources of acidic metal drainage. They found that the
δ56Fe of the stream water varied from -2.0‰ to about +0.5‰. Bergquist and Boyle (2006)
measured the Fe isotopes of dissolved water samples collected from the Amazon River and
found that the δ56Fe varied from -0.46‰ to +0.44‰. They attributed this variation to differences
in the mobilization and transport of Fe, which included biological interactions. The substantial
2

variation in Fe and Cu isotope signatures in natural waters is probably attributable in part to
attenuation via precipitation and adsorption reactions, but recent work by Fernandez and Borrok
(2009) suggest that the weathering process itself may play an important role. Fernandez and
Borrok (2009) performed leaching experiments with sulfide-rich rocks to investigate the
fractionation of Fe, Cu, and Zn isotopes. They found that Fe and Cu isotopes were substantially
fractionated (-1.75 to +1.0‰ Δ56Fesolution-pyrite

rock)

and (0.0 to +2.0‰ Δ65Cusolution-chalcopyrite

rock)

during the weathering process. However, Zn was not substantially fractionated (0.0 to +0.2‰
Δ66Znsolution-sphalerite). They attributed the isotopic fractionation to redox reactions of Cu(I) going
to Cu(II) and Fe(II) going to Fe(III) taking place at the mineral surface/solution (or air) interface.
If Fernandez and Borrok (2009) hold for natural systems, then redox-sensitive metal isotopes
might also be used as tools to investigate the rates and processes governing the weathering of
sulfide minerals in natural systems.

3

Chapter 1: History of the Area
The San Juan Mountains in southwestern Colorado are comprised of Precambrian
crystalline rocks of both volcanic and sedimentary origin. The region became mineralized during
Tertiary volcanism with the emplacement of veins and breccias pipes. Uplifting of the San Juan
Mountains in the late Miocene to Pliocene accelerated weathering processes by exposing fresh
sulfide mineral surfaces to the atmosphere. This resulted in widespread acid rock drainage
(Church, et al., 2007). Mining in the region took place from 1871 to 1991, and discharge from
many of the abandoned mines and waste rock piles has since adversely impacted water quality in
the region (Church et al., 2007). The San Juan region represents an important source of water for
much of the western U.S., as these mountains host the head waters of the Rio Grande on the
eastern side of the continental divide and supply water to the Colorado River on the western side.

Figure 1. Location map of Colorado. Image from
http://mapsof.net/colorado/static-maps/png/map-of-usa-co/xlarge-size
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Figure 2. San Juan Mountains located in Colorado. Image from
http://www.americansouthwest.net/colorado/san_juan_mountains/
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Chapter 2: Methods

2.1

Sample locations and collection.
During the summers of 2008 and 2009, water samples and precipitated iron-oxide

minerals were collected from a number of abandoned mining sites. The sampling locations were
chosen for their wide variety of chemistries, which likely corresponds with a wide variety of
weathering conditions. We also collected water samples from a number of creeks and rivers to
evaluate if isotopic changes in mines are transferred to bigger water systems. Representative
rock samples were collected from a few of the abandoned mines for isotopic analysis of Cu, and
Fe. Temperature, conductivity and pH were measured at each site using a multiparameter
instrument. Fe(II) and dissolved O2 were measured on-site using a Hach DR 2800
spectrophotometer. Water samples were collected in 30 mL plastic bottles for later analysis of
dissolved (passed through a 0.45µm nylon syringe filter) and raw (unfiltered) metals. These
samples were preserved with concentrated nitric acid. Filtered, but un-acidified, samples were
collected for the measurement of anion concentrations in the laboratory. Bottles were acidwashed and cleaned with pure water in the laboratory prior to their use in the field. The bottles
were also rinsed with the sample liquid prior to sample collection.

6

Figure 3. Collection of Filtered Acidified, Filtered un-acidified and Fe-oxides samples
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Figure 4. The picture above is an image of The San Juan Mountains, CO.
Green pins represent samples collected in 2008 and blue pins represent the samples
collected in 2009. Satellite image from Google Earth

Samples were prepared and analyzed in the laboratory at UTEP. Chemical solutions were
made with Milli-Q™ Element, ultra-pure water (> 18 MΩ) and ultra-pure Seastar™ acids. All
the bottles, test tubes, and pipette tips were rinsed with ultra pure water and washed in hot, sub8

boiling 10% HCl solution for 12 hours, and rinsed with ultra pure water 3 times before they
were used. Prior to use, columns for isotope preparation were cleaned by letting them soak in
10M HCl for 7 days and rinsed 3 times with ultra pure-water. Water samples were measured for
Al, Ca, Cd, Co Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, S, Si, Sn, Sr, Ti, and Zn concentrations
using an Optima 5300-Dual View Inductively coupled plasma-optical emission spectrometer
(ICP-OES). The instrument was calibrated using known multi-element ICP standards. Anion
concentrations were measured for the filtered and unacidified samples using a Metrohm 1. 761
Compact IC – PC Ion chromatograph. This technique is useful to quantify concentrations of Cl,
F, NO2, NO3, Br, PO4, SO4. Water samples collected for DOC analyses were analyzed using the
Lachat IL 550 TOC/TN analyzer following EPA method 9060A for the analysis of Dissolved
Organic Carbon. A multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS)
was utilized for isotopic analyses (described below).
The digestion of the iron-oxide and sulfide samples occurred in acid-washed Teflon
containers. Approximately 1 g of the sample was placed in the containers and reacted with a
mixture or 1 mL of ultrapure hydrochloric acid, 1 mL of nitric acid and 1 mL of hydrogen
peroxide. The containers were heated to 60ºC on hot plates. After the solids are digested and
fully evaporated, the dry residue was dissolved in 2% HNO3 and analyzed for elemental
concentrations using the ICP-OES.

9

Chapter 3: Isotopic Analysis

Column chromatography was necessary to isolate Cu and Fe from each other and from
the rest matrix elements. The complete isolation of the element of interest is critical before
running samples on the MC-ICP-MS. The procedure starts by evaporating the sample to
concentrate about 15 µg of Fe or 1.5 µg of Cu. After the evaporation is complete, 1 mL of 10 M
HCl was added to dissolve the dried residue.
Columns (made from modified 3 mL transfer pipettes) are prepared by adding about 1
mL of pre-cleaned 100-200 mesh AG MP-1 anion exchange resin (Bio-Rad™) (Figure 5). One
mL of 10M acid is introduced directly to the column; the matrix is eluted by adding 3.5 mL of
HCL (10 M) while Cu and Fe will be retained on the resin. Cu is eluted by adding 7ml of HCL (5
M) while Fe is retained on the resin. Four mL of HCL (1 M) was added to the columns to elute
Fe (Borrok, et al., 2007). The separated samples were evaporated and dissolved in 2 mL of 2%
HNO3 and re-evaporated and re-dissolved in 10 mL of 2% HNO3 to ensure chlorine is removed
from the samples prior to analysis on the MC-ICP-MS. Chlorine can cause spectral interferences
while analyzing Cu isotopes (Marechal et al., 1999). Prior to isotope analysis, the samples were
analyzed on the ICP-OES to evaluate the metal concentrations and possible contamination of the
separates.
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Figure 5. Column Chromatography for separation of Fe, Cu and Zn from the Matrix

The Cu and Fe separates were analyzed for their isotopic compositions using a Nu
Instruments™ MC-ICP-MS. The analyses of the samples were bracketed by standards to correct
the instrumental mass bias (Borrok et al., 2007). For Cu analysis, both masses of Cu were
measured simultaneously (63Cu and 65Cu). Unknowns were bracketed by the SRM 976 (NIST)
Cu standard solution. For Fe analysis, the MC-ICP-MS was run in pseudo-high-resolution mode
to resolve the argide interferences of ArN+, ArO+, and ArOH+ on masses 54, 56, and 57
respectively. These masses were simultaneously collected (Fernandez and Borrok, 2009).
Unknowns were bracketed by the IRMM-14 Fe international standard solution. Results were
presented using standard delta notation in units of per mil (‰), as represented below for Cu and
Fe.
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(4)

δ65Cu = [((65Cu/63Cu)sample/(65Cu/63Cu)SRMave) – 1] x 1000

(5)

δ56Fe = [((56Fe/54Fe)sample/(56Fe/54Fe)IRMM14) – 1] x 1000

The majority of samples were replicated at least one time and 2 sigma (2σ) errors ranged from 0.001 to
0.3 for Cu and Fe samples. The average 2σ error for Cu isotope samples was 0.19 ‰. An in-house
reference Cu rod standard was measured intermittently with the unknowns to verify the measurements
were accurate. The 2σ accuracy of the Cu rod standard was 0.2‰. The 2σ uncertainty for Fe isotope
samples varied from 0.01 to 0.26 with an average 2σ of 0.09. Internationally recognized rock standards

were measured with the rest of the samples to verify accuracy and precision. The δ56Fe of the
BCR-2 rock standard was 0.09 ±0.032‰ (n = 13), while the δ56Fe of the BE-N rock standard was
0.09 ±0.040‰ (n = 7). These numbers compare favorably to those recently recommended by
Craddock and Douphas, (2010) of 0.091‰ and 0.154‰, respectively, for BCR-2 and BE-N. A
plot of δ57Fe versus δ56Fe reflected the appropriate mass dependent relationship indicating that
spectral interferences were not important (i.e., a slope of 1.48; Figure. 6).
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Figure 6. δ57Fe versus δ56Fe demonstrating that the data fit the expected mass dependent
fractionation behavior.

13

1.50

Chapter 4: Results
4.1

Iron
The results of the Fe isotope analysis of filtered (dissolved) water samples for each

sampling point are plotted on the map in Figure 7. Figure 8 presents the Fe isotope data for the
unfiltered samples and digested iron oxides for comparison to the dissolved water samples. The
results from the field and bulk chemical analyses (in addition to the raw isotopic data) are
compiled in Table 1 (Appendix 1).
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Figure 7. δ56Fe of dissolved water samples. The green and blue pins represent the
sample locations collected on 2008 and 2009 respectively. Satellite image from
Google Earth

The δ56Fe from the samples studied ranges from -1.64‰ to +0.62‰. Filtered acidified
samples vary from -0.15‰ to +0.28‰ with an apparent outlier at -1.64‰. Unfiltered acidified
samples show a variation between -1.38‰ and +0.17‰. Digested iron-oxides have δ56Fe values
between -0.12‰ to +0.62‰ with an apparent outlier at -1.29‰. The data shows that iron oxide
15

samples are generally enriched in the heavier Fe isotopes in comparison with the filtered
acidified and un-filtered acidified samples which show lower δ56Fe values. The unfiltered
acidified samples (which contain both dissolved and suspended iron) are generally similar or
isotopically heavier than the corresponding filtered (dissolved) samples.
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0.50

δ 56 Fe(‰)

0.00

‐0.50

‐1.00

Delta 56 Fe Diss.
Delta 56 Fe Total

‐1.50

Delta 56 Fe Oxides
‐2.00
1

2

3

4

5

6

8

9

13

14

15

18

19

20

Sample ID

Figure 8. δ56Fe of dissolved (filtered acidified), total (unfiltered acidified), and digested ironoxide samples vs. sample location number
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Figure 9 presents the unfiltered Fe isotope data plotted as a function of pH. The low pH
(below pH = 4) data mainly fall into a cluster around 0 ‰ δ56Fe with 2 outliers clustered around
-1.25‰ δ56Fe. The higher pH water data fall into a cluster around -1.0‰ δ56Fe, while the
digested iron-oxide solids associated with these samples are isotopically heavier (0 to 0.5‰
δ56Fe).

Figure 9. δ56Fe of the unfiltered acidified samples (plus corresponding digested solids) as a
function of pH
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Figure 10. δ56Fe of the unfiltered acidified samples as a function of Fe concentration. The data
are divided into low pH (red) and high pH (blue) categories

4.2.

Copper
The results of the Cu isotope analysis of filtered (dissolved) and unfiltered (dissolved +

particulate) water samples for each sampling point are plotted on the map in Figure 11. Note that
there was only enough Cu present for isotopic analysis at a limited number of sample locations.
Figure 12 presents the Cu isotope data for the unfiltered samples and Cu associated with the
results from the field and bulk chemical analyses (in addition to the raw isotopic data) are
compiled in Table 1 (Appendix 1). The δ65Cu of the unfiltered water samples studied ranged
18

from +0.90‰ to +3.00‰, while filtered water samples ranged from +0.68‰ to +2.65‰. The
δ65Cu of Cu sorbed (or otherwise incorporated within) iron-oxide minerals varied from +0.89‰
to +2.65‰ with an apparent outlier at +4.75‰. The data shows that the Copper values in ironoxides are isotopically lighter than filtered acidified samples with one outlier present. Most of
the iron-oxides are isotopically heavier or equal than the un-filtered acidified samples with one
outlier showing the opposite. Filtered acidified isotopes appear to be lighter overall.

Figure 11. δ65Cu of dissolved water samples followed by unfiltered water
samples. The green and blue pins represent the sample locations collected on
2008 and 2009 respectively. Satellite image from Google Earth
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Figure 12. δ65Cu of dissolved (filtered acidified), total (unfiltered acidified), and digested
iron-oxide samples vs. sample location number
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Figure 13. δ65Cu of unfiltered water samples vs. pH

Figure 13 presents the δ65Cu of filtered water samples versus pH. The data show one
main group of low pH values with delta range between +0.94 to 3.00‰.
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Figure 14. δ65Cu of unfiltered water samples vs. Cu Total (unfiltered acidified)

Figure 14 presents the δ65Cu of filtered water samples versus Cu Total. The data show
one main group of low concentrations of Cu total values with delta range between +0.94 to
3.00‰ with one sample with high Cu total concentration and a δ65Cu value of +1.68‰.
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Chapter 5: Discussion

5.1

Weathering versus precipitation effects for Fe isotopes
Based on the study of Fernandez and Borrok (2009), the isotopic fractionation of Fe

could cause the associated fluids to have isotopic values up to 3‰ (δ56Fe). The study suggests
that due to the weathering of the sulfide minerals, the heavier isotope is preferentially released to
the liquid phase. The process includes one intermediate step of formation of Fe(III)-oxide as a
surface layered cover (patina) of the sulfide rock. This oxide includes the heavier Fe isotopes and
as a result of its dissolution the heavier isotopes are released to the water. The formation of this
patina is caused due to cyclical air-water weathering found in many AMD sites. The release of
the heavier isotope of Fe in the liquid phase is found only in sulfide rock weathering, as opposing
to weathering of various Fe minerals which preferentially release the lighter Fe isotopes
(Fernandez and Borrok, 2009).
The abiotic weathering of sulfide minerals includes a group of three reactions acting in
parallel (see introduction). The oxidative reactions include the oxidation of sulfur from either
oxygen or ferric Fe (equations 1 and 2). Based on the kinetics of Fe oxidation it is understood
that the process of oxidation and precipitation of Fe is accelerated at near-neutral pH values, as
the logK of the reaction of Fe oxidation increases exponentially and is irreversible (Equation 3 in
introduction, Figure 15). The increase of oxidized Fe at higher pH directly leads to more Feoxide mineral precipitation. Hence, in this study, we break the samples into two groups with
high (>4) and low (<4) pH values. We expect that Fe(II) will be stable at the low pH values and
the Fe isotope data for these samples will then reflect the weathering process. For higher pH
samples we expect that Fe(II) will rapidly change to Fe(III), forming Fe(III) minerals. This
23

process is known to fractionate Fe isotopes (e.g., Bullen et al., 2001; Johnson et al., 2002; Welch
et al., 2003; Balci et al., 2006). The lighter Fe isotopes partition to aqueous Fe(II) while the
heavier ones partition to aqueous Fe(III). The precipitation of Fe(III) minerals locks in the
aqueous fractionation, as the solid becomes enriched in the heavier isotopes, driving the fluid to
lighter Fe isotope values (e.g., Beard et al., 1999; Croal et al., 2004; Balci et al., 2006).
The unfiltered acidified δ56Fe of most samples varies over a narrow range of -0.38 to
+0.17 ‰ across a wide range of Ph values (Figure 8). Because the average δ56Fe of pyrite (and
the Earth’s crust) is around 0‰, the narrow range of our data suggests that weathering resulted in
limited Fe isotope fractionation. We did not see the large shifts in natural systems that Fernandez
and Borrok (2009) saw for the laboratory system.
The δ56Fe for two of the low pH (and therefore likely weathering dominated) samples
were isotopically light, with values of -1.39 and -1.14‰ (Figure 9).

It is not clear why

weathering-dominated samples would have such light Fe isotope compositions. Figure 10 shows
that these samples are also characterized by having the smallest Fe concentrations of any from
the low pH group. This seems to hint at different weathering conditions for these samples.
Possible explanations for this include:
-

Had more bacterial action that drove biotic precipitation of Fe(III)-oxides or Fe(III)sulfates, which makes this a precipitation-dominated case as opposed to a weatheringdominated case.

-

The precipitation of Fe(II) sulfates. According to Hammarstrom et al. (2005) a
portion of Fe2+ which is not oxidized (either microbially or abiotically in low or high
pH values respectively) can participate in the formation of secondary sulfate minerals.
24

A common sulfate mineral is Melanterite and is formed based on the following
equation:

(6)

Fe2+aq + SO4-aq + 4H2OFeSO4.7H2O(s) (melanterite)

The incorporation of the heavier isotope in the sulfate solid phases could be a possible
explanation for the two outliers. However, further investigation needs to be done in
order to define the actual preference in the isotope incorporated and the calculation of
the resulting fractionation.
-

The Fe minerals being weathered were not pyrite (or at least not only pyrite).
Chalcopyrite and other Fe-bearing sulfides have differing Fe isotope compositions.

-

The pyrite in these samples was characterized by a uniquely light Fe isotopic
composition due to previous hydrothermal reactions.

The δ56Fe for the high pH samples was almost certainly influenced by precipitation. As
mentioned above, precipitation drives the δ56Fe of the aqueous phase to lighter values, as the
heavier Fe isotopes are precipitated out of solution. This scenario matches our data in that the
aqueous samples are isotopically lighter than the starting composition (about 0‰) and the
corresponding iron-oxide minerals are enriched in the heavier Fe isotopes (Figure 9). This
relationship is consistent with many previous investigations (Bullen et al. 2001, Egal et al. 2008).
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Figure 15. Sulfide mineral oxidation kinetics versus pH. The oxidation rate of Fe(II) to Fe(III)
increases exponentially in circumneutral pH values
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5.2

Comparison to previous Fe isotope investigations of AMD sites
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Figure 16. Comparison of δ56Fe of the current research to previous Fe isotope investigations of
AMD sites

56

Figure 16 compares the δ Fe values for different studies of AMD sites, including the

current study. It is visually understood, that all compared studies follow a similar range of δ56Fe
values (between -3.05‰ to +0.93‰). Water and rock (Fe-oxides) δ56Fe vary from -1.3‰ to 0.15‰ and from -0.12‰ to +0.62‰ respectively. Egal et al. (2008) show a similar pattern to this
study since rock δ56Fe is higher than water δ56Fe, with values varying from -0.56‰ to +0.82‰
and from -1.76‰ to +0.43‰ respectively. Bullen et al. (2001) shows a different pattern in which
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the rock δ56Fe values overlap the water δ56Fe values showing ranges from -2.24‰ to +0.24‰
and -2.2 to +0.11‰ respectively. Fernandez and Borrok (2009) and Borrok et al. (2009) show
water δ56Fe values with similar behavior (-3.05‰ to +0.89‰ to -2.31‰ to 1.06‰ respectively).
Generally, it is shown that the rock samples are isotopically heavier than the water samples.
It is seen that the compared δ56Fe values show a variation between liquid, rock and solid
(Initial rock) samples. The variation can give information about what fractionation processes are
dominant at each AMD site. For example, as the precipitation mechanism begins to dominate,
larger separations in Fe isotopes between the iron-oxide and remaining aqueous Fe are to be
expected. Hence, the δ56Fe values of the initial rock samples can help in identifying
precipitation-dominated vs. weathering-dominated fractionation by comparing them to the liquid
values. This study and Borrok et al. (2009) and Fernandez et al. (2009) seem to suggest that the
liquid samples with similar or higher δ56Fe values in comparison to the solid δ56Fe values
indicate weathering dominated fractionation. Whereas, the liquid samples with lower δ56Fe
values than the solid belong to locations exposed to precipitation-dominated fractionation. The
enhancement of precipitation dominated fractionation is possible at circumneutral pH (or at low
pH when bacteria drive the process), as the oxidation of Fe(II)aq to Fe(III)aq is kinetically slow in
abiotic systems at a pHs lower than 4.0 (Nordstrom and Southam, 1997). Water drained from
AMD sites is characterized by low pH values. As it is discussed above, increase of pH to
circumneutral values is prerequisite for the enhanced fractionation due to precipitation. Possible
reasons for increasing pH are interaction with other water sources or buffering due to carbonate
lithologies.
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5.3

Weathering and Cu isotopes
Cu isotope data ended up being limited because Cu concentrations were lower than

expected in many samples, which disqualified them for isotopic analysis (at least using the
techniques we employed here). Although large variations existed, the samples we were able to
analyze did not show consistent patterns in δ65Cu vs. pH or Cu concentration (Figures 14 and
15). Additional work would be necessary to determine how weathering impacted these results.
Our initial study suggests that it is likely to be more complex than we hoped.
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Chapter 6: Conclusions

Through this initial investigation we are able to conclude the following:
1) The main factor impacting the δ56Fe of water in AMD sites is the precipitation processes.
The δ56Fe of the aqueous phase decreases as precipitation occurs.
2) Based on the low pH samples, the weathering process seemed to have a very limited effect
on the Fe isotope values for most samples.
3) The two outliers of low δ56Fe within the weathering dominated samples may suggest that a
unique precipitation or biologic process took place.
4) There is a pattern within the δ56Fe values from this study that is similar to other AMD site
studies. The variation within the δ56Fe values can possibly indicate the main process that
affected the Fe in investigated watershed.
5) Further investigation is needed in order to understand the mechanism of extracting rates of
weathering of sulfide minerals as well as the possible fractionation caused by the
precipitation of secondary sulfate minerals in low pH values.
6) Further investigations is needed in order to acquire adequate data for Cu isotope
geochemistry in order to distinguish possible patterns in δ65Cu and collect more information
in order to calculate weathering rates.
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